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Helicobacter pyloriHelicobacter pylori is a bacterium that can use multiple iron sources. However, it is unknown
whether this bacterium secretes molecules such as siderophores or haemophores to scavenge iron.
Here, we report the ﬁrst secreted iron-binding protein of H. pylori, which we puriﬁed by haem-
afﬁnity chromatography. Mass spectrometry analysis revealed its identity as chaperonin (HpG-
roEL). When we compared HpGroEL with EcGroEL from Escherichia coli, they were homologous,
showing 60% similarity. Additionally, puriﬁed cytoplasmic HpGroEL could also bind iron. Perhaps
H. pylori secretes HpGroEL to maintain the appropriate folding of extracellular proteins and to
bind iron.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Iron acquisition is potentially indispensable for nearly all
organisms [1]. The efﬁciency of several metabolic processes, such
as respiration and oxygen transport, depends on adequate iron
levels [1]. Human pathogens often obtain necessary iron from hu-
man host sources such as lactoferrin (Lf) or transferrin (Tf), which
include haemoglobin (Hb) or haem [2]. For pathogens to success-
fully obtain iron from host sources, they must develop multiple
mechanisms to do so. One mechanism (the direct mechanism)
consists of expressing membrane proteins (receptors) [3]; these
proteins can directly bind the iron source. A different (indirect)
mechanism involves secreting small non-protein molecules (sid-
erophores) or proteins (haemophores) to scavenge iron and to de-
liver it to the bacterial membrane, where a protein receptor in the
lipid bilayer binds and internalises the iron supply [4]. Despite
signiﬁcant amino acid sequence variation in these protein recep-
tors among different pathogens, it has been proposed that some
of these proteins bind the iron source via two motifs (FRAP andNPNL) [5,6]; one histidine (H) located between these motifs
may interact with the iron molecule [7]. Helicobacter pylori is a
pathogen frequently associated with gastric ulcers, and this bac-
terium has the special feature of being adapted to use Lf, Tf, haem
and Hb as iron sources [8]. It is known that this bacterium ex-
presses an Lf-binding membrane protein, giving H. pylori the abil-
ity to use Lf as an iron source [9]. Additionally, 3 haem-binding
membrane proteins with sizes of approximately 48, 50 and
77 kDa have been linked to iron acquisition, but their identities
remain unknown [10]. Two membrane proteins, termed FrpB1
(88.5 kDa) and FrpB2 (90.8 kDa), have also been identiﬁed. These
proteins can bind Hb, and FrpB1 can also bind haem [11,12].
Finally, it is known that H. pylori can take up iron using a system
of transporters termed FeoB [13]. Although there is abundant
evidence that H. pylori can use iron, Lf, haem and Hb through a
direct mechanism, by expressing at least eight membrane
proteins that bind them, there is no evidence that H. pylori
synthesises siderophores [10,14] and no reported secretion of
haemophores to scavenge iron. In this work, we explore whether
H. pylori can bind iron sources by an indirect mechanism that
may be important for the bacterium and may participate during
the infective process.
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2.1. Bacterial growth conditions
H. pylori J99 (ATCC 700824) and Escherichia coli O157:H7 (ATCC
700927) strains were used in this study. H. pylori strain J99 was
routinely grown at 37 C on blood agar plates (Casman agar con-
taining 7.5% sheep blood) under microaerophilic conditions (10%
CO2) for 24 h at 37 C before being grown on Casman agar plates
containing 5 mM FeCl3 for 12 h at 37 C under microaerophilic con-
ditions (10% CO2).
E. coli O157:H7 strain EDL 933 was grown on Luria–Bertani agar
plates for 12 h at 37 C, after which the bacteria were again grown
on Casman agar plates containing 5 mM FeCl3 for 12 h at 37 C.
2.2. Isolation of secreted, total and cytoplasmic proteins
Both bacterial strains were grown on Casman agar plates sup-
plemented with 5 mM FeCl3, collected, suspended in Brucella Broth
and cultivated for 12 h. Cells were then centrifuged at 6000g for
10 min, and the supernatant was ﬁltered through a 0.45-lm pore
size membrane ﬁlter to remove residual bacteria from the superna-
tant containing secreted proteins. Cells were washed three times
with Brucella Broth by centrifugation at 6000g for 10 min and
were ﬁnally resuspended in medium supplemented with 1 mM
PMSF and 1% sarkosyl. Bacteria were lysed by sonication for
6 min with pulses of 30 s. To eliminate intact cells, samples were
centrifuged at 12000g for 20 min. The supernatant was consid-
ered to contain total proteins. To isolate cytoplasmic proteins, this
supernatant was ultracentrifuged at 105000g for 1 h at 4 C, and
the resulting supernatant was considered to contain cytoplasmic
proteins [11].
2.3. Puriﬁcation of proteins by afﬁnity chromatography
Secreted, total or cytoplasmic proteins were loaded onto afﬁnity
chromatography resin coupled to haem (Sigma). The interaction
was maintained overnight at 4 C. The resin was centrifuged at
1000g for 1 min, the ﬂow-through was collected and the resin
was washed four times with wash buffer at pH 7.0 (50 mM Tris–
HCl, 100 mM NaCl) to eliminate unspeciﬁc interactions. Proteins
bound to the haem were released with 6 M guanidine hydrochlo-
ride. The samples were cleaned of salts, lipids and nucleic acids
by precipitation using a kit (Cleanup kit, Bio-Rad). Salts and other
contaminants remained in the supernatant, and the proteins were
recovered in the pellet.
2.4. Protein quantiﬁcation and Coomassie brilliant blue staining
The proteins resolved on gels and used for subsequent mass
spectrometry analysis were visualised by a Coomassie brilliant
blue R-250 method; the gel was immersed in a staining solution
(0.1% Coomassie brilliant blue R-250, 50% methanol and 10% glacial
acetic acid) for 15 min with gentle agitation and then destained in
a destaining solution (40% methanol and 10% glacial acetic acid)
until the gel background was fully clear. When the silver staining
method was used, the gel was immersed in a ﬁxing solution (40%
ethanol, 5% glacial acetic acid) overnight, and then a ﬁxing step
was performed. The gel was washed twice (20 min each) with
50% ethanol and three times with deionised water for 5 min. The
gel was then pre-treated (0.02% Na2S25H2O for 2 min) and washed
three times in deionised water for 20 s. The gel was stained with a
staining solution (0.2% AgNO3 and 40 lL of 37% formaldehyde)
for 30 min and washed two times (distilled water) for 20 s. The
result was revealed by incubating the gel in developing solution(3% Na2CO3, 0.0004% Na2S25H2O and 40 lL of 37% formaldehyde).
The gel was gently agitated until the bands appeared, at which
point the reaction was stopped by adding 5% glacial acetic acid
and incubating for 10 min. The concentration of proteins was
determined by spectrophotometry using the Bradford method; a
standard curve was generated using bovine serum albumin. The
concentration of proteins, read at 595 nm in a spectrophotometer,
was determined by interpolation. For Coomassie blue-stained 10%
SDS–PAGE, 50 lg of protein was loaded onto gels, while for silver
staining, 5 lg of protein was loaded.
2.5. Western blotting
No bacterial lysis occurred when bacteria were cultivated for
12 h. H. pylori and E. coli were cultivated for only 12 h to prevent
cell lysis [15]. A Western blot was performed using anti-b-galacto-
sidase antibodies as an internal control to verify that no intracellu-
lar proteins were released under our culture conditions. Proteins
were transferred to nitrocellulose membranes in a semi-dry
trans-blot cell for 1 h at 100 mA in a solution of 30 mM Tris and
20% methanol. The membranes were soaked in PBST buffer
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4 and
0.1% Tween 20) containing 5% non-fat milk overnight to saturate
all remaining active binding sites. The membranes were washed
three times with PBST and then incubated with anti-GroEL anti-
body (Enzo Life Sciences) (1:40000) or with anti-b-galactosidase
antibody (Millipore) (1:50000) for 1 h. Five washes were per-
formed with PBST, and the secondary antibody was added (anti-
rabbit coupled to horseradish peroxidase; 1:10000) [12]. Both
antibodies were speciﬁc for E. coli proteins but cross-react with
homologous proteins from H. pylori [16].
2.6. Competition experiments
Competition experiments were performed identically to afﬁnity
chromatography puriﬁcation, but the proteins bound to the haem-
afﬁnity resin were released with haem, FeCl36H2O, ZnCl2, MnCl2-
4H2O, MgCl26H2O, CaCl2,, vitamin B12 and Lf. The eluents (except
guanidine hydrochloride) had a concentration that was twofold
greater than the iron concentration of the haem-afﬁnity resin. Each
sample (5 lg) was subjected to SDS-PAGE.
2.7. Mass spectrometry analysis
After destaining the Coomassie blue-stained SDS-PAGE gel, the
band corresponding to 58 kDa was cut, washed with deionised
water and enzymatically digested with trypsin. LC–MS/MS was
performed on a Micromass QTof I equipped with an LC Packings
nanoﬂow LC. The digested solution (5 lL) was injected onto an LC
Packings C18 PepMap column (0.75 lm  15 cm) and eluted with
a linear acetonitrile gradient at a ﬂow rate of 200 nL/min. The pep-
tides eluting from the column were introduced into the mass spec-
trometer through a new objective PicoTip held by a new objective
adapter. The experimental conditions were as follows: capillary
voltage 1.8 kV, cone voltage 32 V and collision energy from 14 to
50 eV according to the mass and charge of the ion. Raw data ﬁles
were processed using the MassLynx ProteinLynx software, and pkl
ﬁleswere submitted for searching atwww.matrixscience.comusing
the Mascot algorithm (Protein Core Facility, Columbia University
Medical Center, http://www.cumc.columbia.edu/dept/protein/).
2.8. Amino acid sequence alignment
The amino acid sequence of the HpGroEL protein (from H. pylori
J99) was compared with GroEL protein sequences from other
bacteria (Helicobacter pylori 26695, Helicobacter pylori HPGA1,
Table 2
List of bacterial species and the UniProt access numbers for their
GroEL proteins, which were used to perform the alignment in
Fig. 4.
Bacteria GroEL Accession number.UniProt
H. pylori J99 Q9ZN50
H. pylori 26695 P42383
H. pylori HPAG1 Q1CVE5
H. felis E7ACQ3
H. muselae D3UGP1
H. hepaticus Q7U317
E. coli O157:H7 P0A6F7
B. anthracis C3L507
B. avium Q2KXZ3
C. botulinum A7FYP3
H. inﬂuenzae E3GVP9
K. pneumoniae A6TH53
N. meningitidis P57006
P. aeruginosa P30718
S. typhi P0A1D4
S. dysenteriae Q328C4
S. pneumoniae P0A336
V. cholerae Q9KNR7
Y. pestis Q8ZIY3
Fig. 1. b-Galactosidase is not detected in the media during the exponential phase of
H. pylori cellular growth. Total and secreted proteins of H. pylori and E. coli were
separated by SDS–PAGE and silver stained (A). Western blotting of the samples in
panel A using b-galactosidase (b-Gal) antibodies (B). The signal was revealed by
chemiluminescence, showing a band of 96 kDa in H. pylori and a band of 116 kDa in
E. coli. Lane 1, H. pylori total proteins; lane 2, H. pylori secreted proteins; lane 3, E.
coli total proteins; and lane 4, E. coli secreted proteins.
Table 1
The 58-kDa band of H. pylori was identiﬁed by mass spectrometry as the chaperonin GroEL. The search parameters were as follows: type of search, MS/MS ion search; enzyme,
trypsin; ﬁxed modiﬁcations, carbamidomethyl (C); variable modiﬁcations, acetyl (N-term) and oxidation (M); mass values, monoisotopic; protein mass, unrestricted; peptide
mass tolerance, ±1.2 Da; fragment mass tolerance, ±0.6 Da; maximum missed cleavages, 2; instrument type, default; number of queries, 101; and database, SwissProt.
Accession
number
Protein name Coverage Mass
(kDa/pI)
Mascot
score
Unique
peptide
Function
Q9ZN50 60 kDa chaperonin
(GroEL)
39% 58.26/5.5 1116 24 Prevents misfolding and promotes the refolding
and proper assembly of unfolded polypeptides generated under
stress conditions
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Escherichia coli O157:H7, Bacillus anthracis, Bacillus avium, Clostrid-
ium botulinum, Haemophilus inﬂuenzae, Klebsiella pneumoniae, Neis-
seria meningitidis, Pseudomonas aeruginosa, Salmonella typhi,
Shigella dysenteriae, Streptococcus pneumoniae, Vibrio cholerae, Yer-
sinia pestis) (Table 2), which were submitted to the server at
http://www.ebi.ac.uk/Tools/msa/clustalw2/ to obtain an align-
ment. The histidine and tyrosine residues were bolded using the
program JalView 2.8. To obtain the 3-D structure of HpGroEL and
EcGroEL, the amino acid sequences of both proteins were used as
a query for Uniprot (http://www.uniprot.org/). They were then
submitted to the CPHmodels 3.2 server (http://www.cbs.dtu.dk/
services/CPHmodels/) to obtain the PDB ﬁle. This ﬁle was used to
construct 3-D models of both proteins in PyMol 0.9.
3. Results
3.1. H. pylori secretes a protein with afﬁnity for haem
It has been reported that H. pylori can undergo autolysis when it
reaches the stationary phase of cellular growth [15], thereby con-
taminating the media with cytoplasmic proteins. To avoid such
contamination, we cultivated this bacterium for only 12 h to guar-
antee exponential growth and to prevent cellular autolysis [17].
The bacterium E. coli was used as a control, and both total and se-
creted proteins from both bacteria were resolved by SDS–PAGE
(Fig. 1A); the presence of the b-galactosidase (b-Gal) protein was
detected by Western blot. This protein [16] was found in total pro-
tein samples (Fig. 1B, lanes 1 and 3) but not in secreted protein
samples (Fig. 1B, lanes 2 and 4). These results indicated that thebacteria were not lysed. For all experiments, H. pylori was culti-
vated on Casman agar supplemented with 5 mM FeCl36H2O. This
medium was selected because it did not contain proteins that
bound the haem-afﬁnity chromatography resin (Casman agar, Bec-
ton Dickinson) (Fig. 2B). To see if H. pylori secreted proteins to scav-
enge iron, we loaded the total secreted proteins of H. pylori,
cultivated on Casman agar and supplemented with 5 mM FeCl3,
onto haem-afﬁnity chromatography resin (Fig. 2A, lane 1). The
ﬂow-through (Fig. 2A, lane 2) and four washes (lanes 3–6) were
collected; proteins attached to the resin were then eluted with
guanidine hydrochloride (lane 7). In this fraction, a protein of
approximately 58 kDa (obtained by RF calculation) was observed.
This protein was tightly bound to the resin, as eluting it required
that we increase the stringency of the elution to 6 M guanidine
hydrochloride.
3.2. A 58-kDa protein secreted by H. pylori binds iron
H. pylori secretes a 58-kDa protein that binds haem; however,
this protein might bind iron or the tetrapyrrolic ring. To determine
Fig. 2. H. pylori secretes a protein that binds haem-afﬁnity chromatography resin.
H. pylori proteins secreted during growth on Casman medium were puriﬁed by
haem-afﬁnity chromatography, and samples of each fraction were visualised by
SDS–PAGE and silver staining (A). Uninoculated Casman medium was used as a
negative control (B). Lane 1, secreted total proteins; lane 2, ﬂow-through; lanes 3–6,
washes; and lane 7, elution with guanidine hydrochloride.
Fig. 3. The H. pylori 58-kDa protein speciﬁcally binds molecules containing iron. Secret
different iron sources (A): lane 1, guanidine chloride; lane 2, haem; lane 3, FeCl3; lane 4,
(C): lane 1, guanidine chloride; lane 2, FeCl3; lane 3, ZnCl2; lane 4, MnCl2; lane 5, MgCl2; la
iron ions (D).
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protein to haem-afﬁnity chromatography resin, but in place of gua-
nidine chloride (Fig. 3A, lane 1), we used haem (Fig. 3A, lane 2) or
FeCl36H2O (Fig. 3A, lane 3) to elute. In all cases, the protein was
eluted. The elution with iron showed that this protein recognised
iron but perhaps not the tetrapyrrolic ring. To test this possibility,
the elution was performed with vitamin B12, which contains a tet-
rapyrrolic ring similar to haem but with cobalt rather than iron at
its centre. Vitamin B12 was unable to elute the 58-kDa protein
(Fig. 3A, lane 4), suggesting that this protein binds the iron rather
than the tetrapyrrolic ring. To further test this hypothesis, we used
another iron-containing molecule. Lf is a protein that contains two
molecules of iron, and it released the 58-kDa protein from the
haem-afﬁnity resin (Fig. 3A, lane 5). To probe the protein’s speciﬁc-
ity for iron, we used the other ions ZnCl2 (Fig. 3C, lane 3), MnCl2-
4H2O (Fig. 3C, lane 4), MgCl26H2O (Fig. 3C, lane 5) and CaCl2
(Fig. 3C, lane 6); in all cases, the 58-kDa protein was not eluted. To-
gether, these results showed that the 58-kDa protein secreted by H.
pylori was eluted only with iron. As a control, eluents were sub-
jected to SDS-PAGE (Fig. 3B and D).
3.3. The 58-kDa protein secreted by H. pylori is a chaperonin
(HpGroEL)
To identify the 58-kDa protein, mass spectrometry analysis was
performed. The band was cut from the Coomassie-stained gel and
digested with trypsin. Analysis with the Mascot program revealed
24 unique peptides that matched the chaperonin HpGroEL of H. py-
lori (Q9ZN50 UniProt). The coverage was 39%, and this protein has
an isoelectric point of 5.5 and a molecular weight of 58.26 kDa (Ta-
ble 1). Our interpretation of these results is that HpGroEL is se-
creted by H. pylori to fold proteins and to bind iron.
3.4. HpGroEL is homologous to EcGroEL and has a similarity of 60%
To discover whether the HpGroEL protein is different from pre-
viously reported chaperonins, an alignment was performed usinged proteins were loaded onto haem-afﬁnity chromatography resin and eluted with
vitamin B12; and lane 5, lactoferrin. The protein was also eluted with non-iron ions
ne 6, CaCl2. Eluents used in A, molecules containing iron (B); eluents used in C, non-
Fig. 4. Amino acid sequence alignment of the H. pylori GroEL protein with GroEL proteins of other bacteria (H. pylori 26695, H. pylori HPAG1, H. felis, H. mustelae, H. hepaticus, E.
coli O157:H7, B. anthracis, B. avium, C. botulinum, H. inﬂuenzae, K. pneumoniae, N. meningitidis, P. aeruginosa, S. typhi, S. dysenteriae, S. pneumoniae, V. cholerae, Y. pestis).
Sequences were submitted to the server at http://www.ebi.ac.uk/Tools/msa/clustalw2/ to obtain an alignment, and the program JalView 2.8 was used to mark the histidine
and tyrosine residues.
Fig. 5. EcGroEL does not bind haem-afﬁnity chromatography resin. Total proteins
from E. coli were loaded onto haem-afﬁnity chromatography resin to purify
EcGroEL. After afﬁnity chromatography, samples of each fraction were separated by
SDS–PAGE (A). Western blotting of the samples in panel A using anti-EcGroEL
antibodies was performed (B). The puriﬁcation was also performed using the
cytoplasmic proteins of H. pylori (C); the respective Western blot is shown (D). The
results were revealed by chemiluminescence. Lane 1, total proteins; lane 2, ﬂow-
through; lanes 3–6, washes; and lane 7, eluted proteins.
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H. felis, H. mustelae, H. hepaticus, E. coli O157:H7, B. anthracis, B. avi-
um, C. botulinum, H. inﬂuenzae, K. pneumoniae, N. meningitidis, P.
aeruginosa, S. typhi, S. dysenteriae, S. pneumoniae, V. cholerae and
Y. pestis (Table 2) with the ClustalW server. The alignmentindicated that the sequences are homologous and have approxi-
mately 60% similarity. The amino acid composition of HpGroEL
likely allows it to bind iron (Fig. 4).
3.5. GroEL from E. coli cannot bind iron
Because there are differences in amino acid composition be-
tween HpGroEL and EcGroEL, we hypothesised that such differ-
ences confer iron-binding capacity to HpGroEL and that EcGroEL
might not bind iron. To test this hypothesis, we puriﬁed EcGroEL
from E. coli in the same way as HpGroEL and tested its iron-binding
capacity (Fig. 5A). This experiment clearly showed that EcGroEL
puriﬁed from E. coli did not bind iron; therefore, EcGroEL has dif-
ferent characteristics from HpGroEL (Fig. 5A). To conﬁrm that the
EcGroEL protein was present, Western blotting was performed on
all the fractions. Anti-EcGroEL antibodies revealed the presence
of EcGroEL in the total extract and ﬂow-through, but not among
the proteins corresponding to the elution fractions (Fig. 5B). This
result veriﬁed that the EcGroEL protein of E. coli is present but is
incapable of binding iron. To investigate whether cytoplasmic
HpGroEL in H. pylori cells has similar characteristics to secreted
HpGroEL, we puriﬁed cytoplasmic HpGroEL from H. pylori. The re-
sult clearly showed that HpGroEL binds haem-afﬁnity resin just as
secreted HpGroEL does (Fig. 5C). The identity of cytoplasmic HpG-
roEL was conﬁrmed by Western blotting with anti-GroEL antibod-
ies (Fig. 5D), which clearly showed a 58-kDa protein in the elution
fraction (Fig. 5D, lane 7). Therefore, both secreted and cytoplasmic
HpGroEL can bind iron.
4. Discussion
Iron acquisition is key for the growth of H. pylori in the human
stomach. Approximately 8 proteins involved in iron uptake have
been found in the H. pylorimembrane, and perhaps they are related
to a direct uptake mechanism that does not involve protein secre-
tion. Interestingly, here, we present the ﬁrst protein secreted by H.
pylori that binds iron, which was identiﬁed by mass spectrometry
as a chaperonin (HpGroEL) with a molecular weight of 58.26 kDa.
We believe that this protein is the same as that found by Vanet
and Labigne [16], who reported an estimated size of 60 kDa; this
small molecular weight difference may be because they did not
perform the same precise calculations we did. We were able to
purify HpGroEL using haem-afﬁnity chromatography. Remarkably,
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that HpGroEL bound iron but not such ions as Zn, Mn, Mg or Ca.
Our results also argue that the tetrapyrrolic structure is not recog-
nised by HpGroEL, as vitamin B12 did not release HpGroEL from
haem-afﬁnity resin. Although we demonstrated that HpGroEL
bound iron, we propose that its expression is not regulated by iron
because HpGroEL production did not require eliminating iron from
the media. Normally, the expression of membrane receptors that
bind iron sources such as Lf [9], Hb [8] or haem [10] requires add-
ing a chelating agent [9]. The capacity to bind iron is a speciﬁc
characteristic of HpGroEL, as the corresponding EcGroEL protein
of E. coli did not bind iron. The 3-D models of both proteins, visu-
alised with the PyMol program, showed that they are structurally
conserved and that histidine (H) and tyrosine (Y) amino acid resi-
dues are distributed through their structures (Supplementary
Fig. 7). Although we were unable to identify which amino acid res-
idues are involved in iron binding (such an analysis would require
crystallising the HpGroEL protein), we propose that the iron-bind-
ing property of HpGroEL is due to its additional 7 H and 2 Y resi-
dues compared to the other proteins included in the amino acid
alignment (Fig. 4 and Supplementary Fig. 6). This assumption is
based on the fact that the HasAp protein of P. aeruginosa [18–20]
and the HasA protein of Serratia marcescens [21–23] have been
shown by crystallisation to bind iron sources using H and Y resi-
dues. Our results collectively suggest that this protein is a secreted
chaperonin that binds iron. For this reason, we propose that H. py-
lori secretes proteins to withstand the extreme environment pres-
ent in the stomach. For instance, this pathogen expresses urease
[24] to maintain an alkaline microenvironment in contrast to the
acidic stomach. Together with urease, this bacterium also must se-
crete chaperonins such as HpGroEL and HpGroES [16]; however,
the HpGroEL chaperonin has the special characteristic of binding
iron. Although it is known that H. pylori secretes HpGroES, we
doubt that this chaperonin binds iron, as we were unable to purify
it by haem-afﬁnity chromatography. All of these results represent
the ﬁrst effort to explain the importance of indirect iron acquisition
by H. pylori. Perhaps iron helps the bacterium to resist the acidic
environment present in the human stomach, and it may be vital
for H. pylori during the infective process.
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